Organic−inorganic metal halide hybrids have emerged as a new class of materials with fascinating optical and electronic properties. The exceptional structure tunability has enabled the development of materials with various dimensionalities at the molecular level, from threedimensional (3D) to 2D, 1D, and 0D. Here, we report a new 1D lead chloride hybrid, C 4 N 2 H 14 PbCl 4 , which exhibits unusual inverse excitation-dependent broadband emission from bluish-green to yellow. Density functional theory calculations were performed to better understand the mechanism of this excitation-dependent broadband emission. This 1D hybrid material is found to have two emission centers, corresponding to the self-trapped excitons (STEs) and vacancy-bound excitons. The excitation-dependent emission is due to different populations of these two types of excitons generated at different excitation wavelengths. This work shows the rich chemistry and physics of organic− inorganic metal halide hybrids and paves the way to achieving novel light emitters with excitation-dependent broadband emissions at room temperature. E xcitation-dependent photoluminescence (PL) refers to a unique photophysical property that photoluminescence emission wavelength can be tuned simply by manipulating the excitation wavelength, without changing the size or chemical composition of a material. A universal mechanism to generally interpret this phenomenon is still lacking, but it is believed that several effects, including the quantum confinement effect, surface traps, and edge states, might jointly lead to the excitation-dependent emission. 1 In practice, excitation-dependent emission, which mainly exists in quantum dot (QD) systems, such as carbon nanodots, 2−4 graphene quantum dots, 5−12 and MoS 2 quantum dots, 13 was normally identified as a positive correlation between excitation and emission wavelength. In addition, such a phenomenon was also observed
in (C 4 N 2 H 14 Br) 4 SnBr 3 I 3 mixed-halide hybrid at 77 K, which is attributed to a combination of decays from different excitationdependent distorted structures. 14 Nevertheless, a deep and sophisticated insight into the mechanism for the excitationdependent PL is highly instructive for modulating the luminescence, which would be quite beneficial for their applications.
Low-dimensional organic−inorganic metal halide hybrids, known as the derivatives of the conventional ABX 3 perovskite structure, 15−17 have emerged as a new class of functional materials with remarkable optical and electronic properties significantly different from those of their 3D counterparts. 18, 19 For instance, low-dimensional metal halide hybrids, such as corrugated 2D 20−22 and 1D hybrids, 23−26 exhibit strong structural distortion associated with significant quantum confinement effects, leading to the formation of both free exciton (FE) and self-trapped exciton (STE) excited states upon photoexcitation. As a result, broadband emission with large Stokes shift can be achieved, providing access to singlecomponent white light emitters. In addition, the photophysics of low-dimensional metal halide hybrids has been shown to be highly tunable by engineering the chemical composition and dimensionality. 17 While low-dimensional metal halide hybrids have aroused tremendous interest during the past few years, the research in this area is still in the early stage, significantly behind the efforts in the well-known 3D perovskites. To date, only very few 1D organic metal halide hybrids have been developed and investigated. 23−28 Herein, we report the synthesis, characterization, and computational studies on a 1D organic lead chloride hybrid single crystal, C 4 N 2 H 14 PbCl 4 , a sibling of previously reported 1D C 4 N 2 H 14 PbBr 4 and C 4 N 2 H 14 SnBr 4 . 24, 26 Interestingly, this new 1D organic metal halide hybrid exhibits photophysical properties that are significantly different from those two, with inverse excitation-dependent broadband emission between bluish-green and yellow. These emissions exhibit ultralarge Stokes shift from 1.40 to 1.70 eV, with photoluminescence quantum efficiencies (PLQEs) from 6% to 18%. Through theoretical and experimental verifications, we attribute this phenomenon to the competition of STEs and vacancy-bound excitons.
The C 4 N 2 H 14 PbCl 4 single crystals were prepared by antisolvent vapor-assisted crystallization. Briefly, combining lead(II) chloride with N,N′-dimethylethylene-1,2-diammonium chloride salts in dimethyl sulfoxide (DMSO) at room temperature leads to the nucleation of C 4 N 2 H 14 PbCl 4 . Crystals were obtained after diffusing acetone into the DMSO solution for a few days. The structure of C 4 N 2 H 14 PbCl 4 is shown in Figure 1a −c, and its detailed structural information is summarized in Tables S1, S2, and S3. Similar to previous reports, 24, 26 Figure 1c . Despite these similarities, their structures are distinct, especially when speaking of the degree of distortion of the octahedron, which can be quantified by several parameters, including halide distance deviation (DI(X−X)), bond-length distortion (Δ oct ), octahedral elongation (λ oct ), octahedral angle variance (σ oct 2 ), and volume discrepancy (V). 29 Table 1 PbBr 4 , from which we might expect some totally different photophysical properties. The powder X-ray diffraction (PXRD) pattern of the ball-milled powders of the single crystals shows almost identical features with that of the simulated PXRD pattern (Figure 1d ).
The photophysical properties of the 1D organic lead chloride hybrid crystals were first investigated at room temperature. It is interesting that the crystals emit bluish-green and yellow light under 365 and 302 nm irradiation, respectively (Figure 2a , b). Fluorescence micrographs are shown in Figure S1 . Figure 2c shows that the absorption spectrum exhibits a sharp peak around 320 nm with a long tail reaching 500 nm, suggesting the existence of multiple excited states. 30−32 The corresponding Tauc plot was calculated based on the assumptions of direct and indirect transitions ( Figure S2 ). 33 The Tauc plot yields a direct band gap value of 3.58 eV and an indirect band gap value of 3.31 eV. The emission spectra excited by 365 and 302 nm 
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Letter both show low-energy broadband emission, featuring large Stokes shift of 1.40 eV (180 nm) and 1.68 eV (244 nm) as well as full width at half-maximum (fwhm) of 0.854 eV (179 nm) and 0.664 eV (175 nm), respectively. The high-energy band emission spectra are shown in Figure S3 . The bluish-green light emission showed almost no shoulder peak, while the yellow light emission exhibited a small sharp peak around 345 nm ( Figure S3b ), close to the calculated direct band gap, indicating that the yellow light emission originated from direct transition associated with energy transfer/relaxation to another excited state. Figure 2d shows the PL decay curves at room temperature for both 360 and 300 nm excited emissions. The decay curves were fitted using monoexponential functions with lifetimes of 20 and 8 ns, respectively. The Commission Internationale de l'Eclairage (CIE) chromaticity coordinates were determined to be (0.29, 0.39) and (0.40, 0.43) for emissions excited by 365 and 302 nm (Figure 2e ), respectively, with the corresponding correlated color temperatures of 7228 and 3880 K. The PLQEs of bluish-green and yellow light were measured to be 6% and 18%, respectively ( Figure S4 ). Both emissions show moderate photostability in the air with a slow decrease of emission intensity under continuous Xe lamp irradiation ( Figure S5 ). Major photophysical properties are summarized in Table 2 .
To reveal the intrinsic nature of these emissions, we have measured the dependence of emission intensity on the excitation power density at room temperature. For permanent defects, concentration and lifetime of impurities are finite, which means their PL intensity would be saturated at high excitation power density. 34 As shown in Figure 3a , the intensity of the bluish-green light emission excited at 360 nm showed a linear dependence on the excitation power density up to 4 MW/cm 2 , while the intensity of yellow light emission excited at 300 nm saturated at high excitation power density, suggesting that the bluish-green light emission originated from STEs, whereas the yellow light emission came from a defect-related excited state.
Interestingly, the 1D organic lead chloride hybrid crystals exhibited inverse excitation-dependent emission at both room temperature and 77 K (Figure 3b,c) . Specifically, the emission peak was negatively correlated to the excitation wavelength, different from the cases in QD systems. 1 Corresponding excitation-dependent CIE chromaticity coordinates are shown in Figure S6 . The lifetimes measured at 77 K were also dependent on the excitation energy, as shown in Figure 3d . In addition, PL decay curves measured at different emission wavelength were identical ( Figure S7 ), indicating the pure origin of these emissions. The excitation spectra measured at both room temperature and 77 K exhibited a sharp peak around the band edge, with a long tail involving several peaks even more intense than the band-edge peak ( Figure S8) . These lowenergy excitation peaks confirm the existence of subgap states again. For the temperature-dependent emission, both the above-and subgap emission showed enhanced luminescence at 
Letter low temperature, with a slight broadening and no shift of maximum as compared to that of room temperature ( Figure  S9 ). Therefore, unlike C 4 N 2 H 14 PbBr 4 , 24 there is no equilibrium between the FE state and other excited states in C 4 N 2 H 14 PbCl 4 .
To get a deeper insight into the photophysics of this 1D organic lead chloride hybrid, we have performed density functional theory (DFT) calculations of electronic structure as well as exciton and defect properties. Figure 4 shows the band structure and the density of states calculated using PBE functionals including the spin−orbit coupling (SOC). The results show that the valence (conduction) band is made up of the antibonding states of Cl 3p and Pb 6s (Pb 6p). The electronic bands are dispersive along the Pb−Cl chain direction (k x ) but are nearly flat in directions perpendicular to the chain, consistent with the 1D structure of C 4 N 2 H 14 PbCl 4 . The band gap is indirect. The valence band maximum (VBM) is located at the T point, while the conduction band minimum (CBM) is very close to the R point along the Γ−R line.
The exciton and defect properties were calculated using hybrid PBE0 functionals including the SOC. The PBE0optimized ground-state structure of C 4 N 2 H 14 PbCl 4 agrees very well with the experimental results. The discrepancies between calculated and measured Pb−Cl bond lengths are all below 1.4%. The excitation of an exciton in C 4 N 2 H 14 PbCl 4 involves the promotion of an electron from the Pb 6s orbital to the Pb 6p orbital at a 6-fold-coordinated Pb 2+ ion. The excitation energy calculated by the PBE0 method is 4.05 eV, within the excitation band observed in experiment ( Figure S8 ). The excited-state relaxation in Pb 2+ -based halide hybrids typically leads to the distortion of the six Pb−halogen bonds: the contraction of the four planar Pb−halogen bonds and the elongation of the two vertical Pb−halogen bonds. We indeed stabilized such an exciton in C 4 N 2 H 14 PbCl 4 with the two elongated vertical bonds along the 1D atomic chain direction, which induces compressive strain along the chain. However, further calculations show that the separation of the hole and the electron at the two nearest-neighbor Pb ions as shown in Figure  5 lowers the total energy by 0.26 eV. For the STE shown in Figure 5 , the hole center Pb(2) attracts the adjacent Cl ions, applying tensile strain along the 1D chain, whereas the electron center Pb(1) repels the adjacent Cl ions, inducing compressive strain. The resulting strain compensation is likely the cause of the separation of the electron and the hole in the exciton. The calculated emission energy of the STE is 2.13 eV, in good agreement with the experimentally measured peak exciton emission energy of 2.48 eV (500 nm).
To explain the defect-related emission observed in experiments, we further calculated vacancy-bound excitons, because vacancies are usually the most abundant native defects in halides. The STEs can diffuse along the 1D chain and may be trapped by vacancies of Cl, Pb, and the molecular cation (V Cl , V Pb , V Mol ), leading to bound exciton emission. The calculated exciton trapping energies at V Cl + , V Mol − , and V Pb 2− are 0.72, 0.17, and 0.15 eV, respectively ( Table 3 ). The Cl ions are bonded to either one or three Pb ions. Among all the Cl sites, the Cl vacancy on the site of the one-fold-coordinated Cl(1) in Figure  5 is found to be the most stable. Among the three vacancies, V Cl has the strongest perturbation to the exciton because the Cl(1) ion, which is directly bonded to the electron-trapping Pb(1) ion, is removed, causing strong relaxation of the exciton structure. On the other hand, V Pb and V Mol are the secondnearest neighbors to Pb(1) or Pb(2) in Figure 5 and thus have weak perturbation to the exciton. As a result, the emission of the V Cl -bound exciton has much stronger red shifts from the STE emission than those for V Mol − -and V Pb (Table 3 ). The experimentally observed defect-related emission (which is red-shifted from the Accordingly, this unique inverse excitation-dependent PL can be attributed to the presence of two emitting excited states as confirmed by DFT calculations. In particular, on above-gap photoexcitation, the system is excited to the FE excited states, followed by selective energy transfer/relaxation to defectrelated excited states due to their lower energy. On subgap photoexcitation, the system is excited to subgap excited states with energy transfer/relaxation to STE excited states. In this sense, we infer that the defect density is dependent on the excitation energy, similar to the cases in CdF 2 and Al x Ga 1−x As. 35, 36 Specifically, high-energy irradiation can lead to localized reversible bond breaking associated with the formation of more metastable defect excited states, while lowerenergy irradiation results in more transient structural distortion to form STE excited states. This could explain the entirely different photophysical properties of the three 1D hybrids that exhibit similar packing modes. As we discussed in the structural part, the level of distortion, C 4 26 owing to bond-breaking upon photoexcitation. Therefore, a straightforward explanation of the excitation-dependent emission is that the population of two emission centers relies heavily on the excitation energy.
In summary, we have developed a new 1D organic lead chloride hybrid with inverse excitation-dependent broadband emission. The emission can be readily tuned by controlling the excitation energy, giving rise to broad emissions ranging from 500 to 570 nm. Experimental and computational studies show that the organic lead chloride hybrid exhibits two emission centers corresponding to defect-related excitons and STEs. Competition between these centers results in the complex excitation-dependent emission. This work not only enriches the family of less explored low-dimensional organic metal halide hybrids but also serves as a research tool for the intriguing excitation-dependent emission in crystalline materials. Moreover, we have observed a distortion−defect correlation which helps to predict the photophysics in those underexplored 1D organic metal halide hybrids for photovoltaic and light emission devices. 
